Inhibition of Myeloid Dendritic Cell Accessory Cell Function and Induction of T Cell Anergy by Alcohol Correlates with
E xcessive alcohol use can be linked to direct immunomodulatory effects that include reduced T cell-proliferative responses and impaired delayed-type hypersensitivity responses (1) (2) (3) (4) (5) (6) . Alcohol modulates Ag-specific T cell proliferation by affecting APC function. Our laboratory has reported significant reduction in the Ag presentation function of human monocytes upon in vitro alcohol treatment in tetanus toxoid (TT) 4 -and superantigen-induced T cell proliferation assays (7) (8) (9) . Considering that monocytes are precursors of Ag-presenting dendritic cells (DCs), it is probable that alcohol may affect immune functions by affecting monocyte differentiation into DCs.
Myeloid DCs, one of the most potent APC types in vivo, represent a terminally differentiated stage of monocytes (10, 11) . DCs express various costimulatory and/or adhesion molecules, produce regulatory cytokines, and activate naive T cells in a primary antigenic response (10) . Thus, DCs are pivotal in regulation of the cytokine environment for T cell activation. Blood monocytes cultured in vitro with GM-CSF plus IL-4 differentiate into nonadherent CD1a ϩ CD14 low/Ϫ immature DCs (iDCs) defined by extremely low CD83 expression (12, 13) . These iDCs show a high ability for Ag uptake and low capacity for Ag presentation. Pathogen-related molecules such as LPS, bacterial DNA, and inflammatory cytokines stimulate maturation of DCs and their subsequent migration to lymphoid organs where they present Ags to T cells. This conversion from an Ag-capturing iDC to an Ag-presenting mode is defined as DC maturation (11, 13) . Production of cytokines such as IL-12 during the maturation process promotes DC induction of Th1 responses (14) . In contrast, IL-10 has been identified as the major cytokine that can prevent both differentiation of DCs from monocytes and maturation of DCs by blocking release of IL-12 (15) . IL-10 also inhibits expression of costimulatory molecules and, consequently, inhibition of Th1 responses (16) . Thus, autocrine IL-10 production can prevent maturation of DCs and, as a result, induce anergy in responder T cells (17) . Our earlier studies have shown significant inhibition of Ag-presenting function and increased IL-10 production after acute alcohol treatment of the DC precursors, monocytes (7, 8, 18) . Furthermore, DC-based therapeutic approaches are being proposed in several diseases such as hepatocellular carcinoma wherein chronic alcohol exposure is a major risk factor (19, 20) . Therefore, if alcohol suppresses DC function, it would probably have an adverse effect on their therapeutic efficacy.
In the present study, we assessed the effects of in vivo alcohol consumption and in vitro alcohol treatment on myeloid DC differentiation and maturation. We found that in vivo and in vitro alcohol treatment primarily affected DC allostimulatory responses, inhibited Th1 activation, and induced T cell anergy. This was linked to reduced IL-12 levels, because exogenous IL-12 restored the defective DC allostimulatory capacity and Th1 responses.
Materials and Methods

Reagents
IMDM and RPMI 1640 medium were obtained from Invitrogen Life Technologies (Gaithersburg, MD) and FBS (Defined) from HyClone (Logan, UT). Endotoxin contamination was Ͻ8 pg/ml in the culture medium and FBS. LPS (Escherichia coli strain 0111:B4) was from Difco Laboratories (Detroit, MI) and NFB oligonucleotide was obtained from Oligos Etc. (Wilsonville, OR). Dexamethasone and protease inhibitors including PMSF, aprotinin, antipain, and leupeptin were from Sigma-Aldrich (St. Louis, MO).
Blood donors and alcohol consumption
Healthy individuals, aged 18 -60, females and males, donated 120 ml of peripheral blood for in vitro experiments. Blood donors had no previous chronic alcohol abuse history, consumed Ͻ6 drinks/wk for females and Ͻ9 drinks/wk for males, and had no alcohol for at least 48 h before blood donation. Blood was obtained by venipuncture and anticoagulated by heparin. Alcohol use habits of blood donors for the in vivo studies were determined by a health assessment questionnaire that incorporates the AUDIT and CAGE tests and Health Screening survey to identify frequency and quantities of their alcohol use (21) . Alcohol was given as 2 ml/kg of body weight (0.85 g/kg) vodka diluted with orange juice to a total volume of 300 ml, and it was consumed within 30 min. Blood alcohol levels were determined using an intoximeter Alcosensor III (Intoximeter, St. Louis, MO). Blood samples (50 ml) were obtained 30 min before alcohol consumption and 24 h after the alcohol uptake. The study was reviewed and approved by the Institutional Committee for Protection of Human Subjects in Research.
Generation of DCs and T lymphocytes
Myeloid DCs were generated from peripheral blood monocytes, as described before (22, 23) , of healthy volunteers and in vivo alcohol-consuming volunteers before (0 h) and after (24 h) alcohol consumption. Briefly, PBMC were generated by density gradient centrifugation on FicollHypaque (Pharmacia, Uppsala, Sweden), resuspended in RPMI 1640 (Invitrogen Life Technologies) containing 15% FBS, and then plated in sixwell plates to ensure adherence. After 2 h at 37°C, nonadherent cells were removed, and adherent cells were cultured in 3 ml of RPMI 1640 containing 10% FBS and 0.1% 2-ME with GM-CSF (100 U/ml) and IL-4 (200 U/ml) (PeproTech, Rocky Hill, NJ) to induce DC differentiation. Alcohol (ethanol (EtOH)) (25 mM) was added along with the GM-CSF and IL-4 where indicated. The 25 mM in vitro alcohol concentration is physiologically relevant and is equivalent to a 0.1 g/dl blood alcohol level, which is achieved in vivo after a dose of moderate drink. DC cultures with alcohol were kept in modular chambers (Billups-Rothenberg, Del Mar, CA) where alcohol concentration was maintained at 25 mM throughout the 7-day incubation period. On days 3 and 5, 1 ml of supernatant was removed and replaced with the same volume of fresh medium containing half the initial concentrations of GM-CSF (50 U/ml), IL-4 (100 U/ml), and alcohol (12.5 mM) wherever indicated. iDCs generated were harvested by gentle scraping after 7 days of culture and used for subsequent experiments. To obtain mature DCs (mDCs), LPS (100 ng/ml) was added to iDCs on day 5 and harvested after 72 h.
Human T lymphocytes were purified from PBMCs of healthy nonalcoholic individuals using the T cell negative isolation kit from Dynal (Great Neck, NY) (24) . The purity of this T cell population was 98% as determined by CD3 expression by FACS analysis. Subsequently, naive CD4 ϩ T cells were negatively selected from total T cells with anti-CD8 mAb in combination with CD45RO mAb (both from BD Pharmingen, San Diego, CA) plus goat anti-mouse IgG-conjugated immunomagnetic beads (Dynal). These T cell preparations were 98% pure CD4 ϩ as determined by FACS analysis (24) .
Cell surface marker analysis by flow cytometry
DCs were incubated with saturating concentrations of fluorochrome-conjugated mAbs at 4°C for 30 min, and then washed twice in PBS containing 2% FBS and fixed in 1% paraformaldehyde. Data were collected using a FACScan II flow cytometer (BD Biosciences, San Jose, CA), and data analysis was performed using FlowJo software (BD Biosciences). The following fluorochrome-conjugated mouse mAbs against human cell surface proteins were used for DC surface marker staining: FITC-conjugated antiCD1a, PE-conjugated anti-CD14, FITC-conjugated anti-CD-80, FITCconjugated anti-CD-86, FITC-conjugated anti-CD-40, FITC-conjugated CD83, and PE-conjugated anti-MHC class II Abs (obtained from BD Pharmingen). The FITC-and PE-conjugated anti-IgG1 isotypic controls obtained from BioSource International (Camarillo, CA) and BD Pharmingen were run as controls.
Quantitation of allostimulatory activity
One-way MLR was set up in 96-well, flat-bottom microculture plates as described before (9, 25) (Corning Glassware, Corning, NY). DCs (stimulator cells) were then added to allogeneic purified CD4 ϩ CD45RO Ϫ T lymphocytes (responder cells) at 10 5 cells/well at varying ratios in triplicate wells. The final volume of each well was adjusted to 200 l with RPMI 1640 containing 10% FBS and 0.1% 2-ME. Cultures were maintained for 5 days. Cytokines or anti-cytokine Abs were added at the initiation of the MLR where indicated, including the following: human rIL-12 (PeproTech) added at 0.5, 10, or 50 ng/ml; IL-2 at 50 U/ml (R&D Systems, Minneapolis, MN); neutralizing Abs for IL-10 (BioSource International) at 10 g/ ml; or rat IgG1 as control. One microcurie of [methyl-
3 H]thymidine (DuPont-NEN, Boston, MA) was added to each well during the last 18 h, and thymidine incorporation was quantitated by liquid scintillation counting. Results were expressed as mean counts per minute Ϯ SE.
Ag presentation assay
The Ag presentation assay was performed as described earlier (7) . Briefly, iDCs were pulsed on day 6 with 2 Lf/ml TT (Massachusetts Biological Laboratory, Boston, MA) overnight. Ag-pulsed and unpulsed DCs (1 ϫ 10 5 per well) were collected, combined with autologous T lymphocytes at a 1:6 DC:T cell ratio, and incubated for a total of 6 days, and T cell proliferation was assessed by [ 3 H]thymidine incorporation during the last 18 h. Results were expressed as mean counts per minute Ϯ SE. 
Apoptosis detection
Cytokine measurements
The levels of IL-12 (p40/p70), IL-10, IFN-␥, and IL-2 in the DC, MLR, and T cell supernatants were measured using ELISA kits purchased from Endogen (Cambridge, MA) according to the manufacturer's instructions. To induce maximal cytokine production in iDCs, day 7 DCs were stimulated with LPS (100 ng/ml; Difco Laboratories), and supernatants were collected after 18 -20 h. MLR supernatants were also collected on day 3 for cytokine measurements.
T cell anergy assay and coculture experiments
Human naive CD4 ϩ (10 5 ) T cells were primed with irradiated allogeneic normal DCs (10 4 ) or alcohol-treated DCs (10 4 ) for 3 days, and then CD4 ϩ T cells were negatively selected with anti-human CD11c mAb (BD Pharmingen) plus goat anti-mouse IgG mAb-conjugated immunomagnetic beads. These T cell preparations contained Ͻ0.1% CD11c ϩ cells as assessed by FACS analysis. To assess suppressor activity of anergic T cells in the alloantigen-specific system (24), day 3 CD4 ϩ T cells (10 5 ) were subsequently restimulated with allogeneic normal iDCs and mDCs (10 4 ) generated from the same donor in triplicate. The proliferative response was measured by adding 1 Ci of [methyl-
3 H]thymidine (DuPont-NEN) to each well during the last 18 h, and thymidine incorporation was quantitated by liquid scintillation counting. Results were expressed as mean counts per minute Ϯ SE. To assess T cell IFN-␥ production, day 3 T cells after coculture with the EtOH-treated or normal DCs were harvested, purified, and plated onto CD3 plates (BD Collaborative, Medford, MA) with soluble CD28 (1 g/ml), and IFN-␥ was assayed by ELISA after 18 h.
EMSAs
To determine NFB activation, nuclear extracts from day 5 DCs with or without stimulation (LPS, 100 ng/ml) for 1, 24, 48, and 72 h were prepared by the method of Schatzle (26) as we previously described (27) . Briefly, a consensus double-stranded NFB oligonucleotide (5Ј-AGTTGAGGG GACTTTCCCAGGC-3Ј) was used for EMSA by end labeling the oligo using T4 polynucleotide kinase in the presence of [␥-32 P]ATP (DuPont-NEN). Labeled oligonucleotides were purified on a polyacrylamide copolymer column (Bio-Rad, Hercules, CA). Five micrograms of nuclear protein was subjected to electrophoretic mobility gel shift analysis as previously described (27) .
Statistical analysis
Statistical significance between appropriate groups was calculated from experiments done with the same experimental condition using the Wilcoxon signed-rank nonparametric data analysis. Data are represented as mean Ϯ SE.
Results
In vivo alcohol consumption inhibits allostimulatory capacity of DCs
Decreased cell-mediated immunity in animal models of chronic alcohol consumption was linked to abnormal Ag-presenting function (28) . Previous studies from our laboratory have shown inhibition of accessory cell function in human monocytes after in vivo and in vitro acute alcohol administration (7, 29) . In this study, we tested the influence of moderate alcohol consumption (0.8 g of alcohol/kg of body weight) in eight nonalcoholic healthy individuals on the Ag-presenting capacity of DCs. Peak blood alcohol levels were reached 30 -60 min after alcohol intake and averaged close to the legal limit (mean, 0.093 Ϯ 0.02 g/dl; range, 0.08 -0.15 FIGURE 2. DC Ag presentation capacity is impaired by alcohol when added to the MLR (A), added during DC generation in vitro using total T cells in an MLR (B), added during DC generation in vitro using naive CD4 ϩ T cells in an MLR (C), and in a specific Ag presentation assay against recall Ag TT (D). A, Alcohol treatment during the MLR. Stimulator day-7 iDCs cocultured with responder allogeneic T cells in a 5-day MLR in the presence (f) or absence (Ⅺ) of 25 mM alcohol in vitro. Freshly prepared monocytes from a normal donor were also used as stimulator cells in the MLR (छ). g/dl). Monocytes were isolated before and 24 h after consumption of alcohol and differentiated in vitro into iDCs in the presence of IL-4 plus GM-CSF. There was no alcohol added in vitro. Fig. 1 shows that DCs generated from monocytes after alcohol intake exhibited a significantly decreased allostimulatory capacity compared with DCs of the same individual from cells obtained before alcohol consumption ( p Ͻ 0.005; n ϭ 8). These results suggested that a single, acute, moderate alcohol intake was sufficient to impair accessory cell function of DCs.
In vitro alcohol treatment inhibits myeloid DC Ag presentation
Having observed the in vivo effects of alcohol on DC function, we evaluated the mechanisms affected by alcohol during T cell proliferation, DC differentiation and maturation. First, the effect of a physiological dose of alcohol was tested on in vitro alloantigeninduced T cell proliferation in a MLR using iDCs as stimulator cells. Consistent with the greater accessory cell function of DCs compared with monocytes, the proliferation of allogeneic T cells was greater in the presence of day 7 iDCs generated in vitro with IL-4 plus GM-CSF than in the presence of day 7 monocytes (Fig.  2A) . Addition of alcohol at the initiation of the MLR with iDCs significantly reduced the degree of alloantigen-induced T cell proliferation ( p Ͻ 0.002, n ϭ 10) (Fig. 2A) . The 25 mM in vitro alcohol concentration approximated blood alcohol levels (0.1 g/dl) that were reached after alcohol consumption in the in vivo experiments above.
Second, to investigate whether the decreased T cell proliferation in the presence of alcohol in the MLR was due to alcohol-mediated modulation of DCs, T cells, or both, we generated DCs in the presence or absence of alcohol for 7 days. We found that the morphological appearance and viability of DCs was not altered by the presence of 25 mM EtOH over the 7-day period of DC generation (data not shown). Allostimulatory capacity was significantly reduced ( p Ͻ 0.005; n ϭ 10) in immature day 7 DCs generated in the presence of 25 mM alcohol (Fig. 2B) . Furthermore, significant inhibition of allostimulatory activity ( p Ͻ 0.01; n ϭ 4) was also observed when naive CD4 ϩ CD45RO Ϫ T cells were tested in the MLR (Fig. 2C) . Generation of DCs in the presence of higher doses of alcohol (50 and 100 mM) also resulted in decreased allostimulatory activity compared with control DCs; however, this was not dose dependent (data not shown). When only T cells (and not DCs) were exposed to alcohol for 24 h before the MLR, alcohol failed to affect allostimulatory responses (data not shown). Our earlier data demonstrated that using stimulator cells (monocytes) from alcohol-consuming individuals and responder cells (T cells) from non-alcohol-consuming controls, T cell proliferation was reduced significantly. However, T cell proliferation was not decreased when responder cells (T cells) were obtained from alcohol-consuming individuals (9) . This observation was consistent with our previous data that demonstrated no inhibition of PHA-induced T cell proliferation by alcohol (30) . Thus, our subsequent experiments focused on the effects of alcohol on DC functions.
Third, to investigate whether the low stimulatory potential of alcohol-exposed DCs was limited to alloantigen-induced T cell proliferation or represented a broader DC defect in Ag presentation capacity, we evaluated recall Ag (TT)-specific T cell responses. DCs were generated in the presence or absence of alcohol for 6 days, and then pulsed with TT (2 Lf/ml) overnight, and the Agpresenting function of DCs was tested with autologous T cells as described earlier (7) . The TT Ag-specific T cell proliferation was significantly decreased ( p Ͻ 0.05; n ϭ 5) in the presence of DCs generated with alcohol (25 mM) compared with control, non-alcohol-exposed DCs as APCs (Fig. 2D) . These results indicate that DCs generated in the presence of alcohol have impaired capacity to execute Ag-presenting function (uptake, processing, and presentation) to stimulate Ag-specific T cell responses. These findings are in agreement with earlier reports from our laboratory showing inhibition of Ag-specific T lymphocyte proliferation by alcoholexposed human monocytes (7) .
Reduced costimulatory molecule expression correlates with decreased T cell responses in alcohol-treated DCs
Apoptosis is involved in activation-induced cell death, which is one of the mechanisms regulating immune reactions (31) . Early in the apoptotic process, phosphatidylserine becomes exposed on the cell surface by flipping from the inner to the outer leaflet of the cytoplasmic membrane. Thus, early apoptotic cells are bound to annexin V via phosphatidylserine (32) . Flow cytometric analysis of annexin V-stained DCs showed that control DCs had low apoptosis, and there was no significant difference in apoptosis between alcohol-exposed (annexin V-positive cells, 12.6 Ϯ 2.3%) and control DCs (annexin V-positive cells, 15.3 Ϯ 2.4%).
The accessory function of DCs is largely determined by the presence of MHC class I, MHC class II, and costimulatory molecules that interact with T cell surface molecules to mediate activation signals (10, 11) . Phenotypic marker analysis revealed characteristic features of day 7 iDCs, including decreased or undetectable CD14, CD3, CD19, and CD56 (data not shown), and strong expression of CD1a, HLA-DR, CD40, CD80 (B7.1), and CD86 (B7.2) compared with monocytes (Fig. 3) . The mean fluorescence intensity (MFI) for CD80 (MFI: normal iDCs, 462.9 Ϯ 12.2; EtOH-iDCs, 406.5 Ϯ 7.2; 15% decrease) and CD86 (MFI: normal iDCs, 536.9 Ϯ 83.9; EtOH-iDCs, 435.9 Ϯ 41.4; 18% decrease) in alcohol-treated cells showed a decreased trend (Fig. 3A) . However, we found that DCs generated in the presence of alcohol had significantly reduced expression of the costimulatory molecules CD80 (33% decrease) and CD86 (36% decrease) compared with non-alcohol-treated DCs (Fig. 3B) ( p Ͻ 0.01; n ϭ 4). Further, expression of MHC class I and MHC class II molecules did not change in alcohol-treated DCs compared with control DCs (Fig. 3A) . 
Decreased IL-12 (p40/70) and increased IL-10 production by alcohol-treated DCs
Myeloid DCs are major sources of inflammatory and immunoregulatory cytokines that determine the strength and/or the phenotypes of the T cell responses (10, 33) . In this study, we evaluated the production of immunoregulatory cytokines, IL-12 (p40/70) and IL-10, by DCs generated in the presence or absence of alcohol as well as during the MLR. Consistent with the DC phenotype, IL-12 levels were higher in unstimulated 7-day iDCs compared with monocytes (Fig. 4A) . IL-10 levels showed an opposite pattern where DCs produced significantly lower levels of IL-10 than monocytes (Fig. 4B) . However, when DCs were generated in the presence of alcohol, we found increased IL-10 ( p Ͻ 0.02; n ϭ 5) and reduced IL-12 production ( p Ͻ 0.05; n ϭ 5) compared with non-alcoholtreated DCs. After stimulation with LPS for maximal induction of cytokines, alcohol-treated DCs continued to produce significantly higher levels of IL-10 compared with LPS-stimulated, non-alcohol-treated DCs ( p Ͻ 0.001; n ϭ 5) (Fig. 4B) . Additionally, LPSstimulated, alcohol-treated DCs showed significantly lower levels of IL-12 ( p Ͻ 0.05; n ϭ 5) (Fig. 4A) .
Cytokine levels measured during the MLR reflect both T cell and APC cytokine production. We found reduced IL-12 and increased IL-10 production during the MLR with alcohol-treated DCs. Our data also showed significantly lower IL-2 levels ( p Ͻ 0.03) in the presence of alcohol-treated DCs in the MLR consistent with the decreased T cell proliferation (Table I) .
The functional role of the decreased IL-12, decreased IL-2, and increased IL-10 in the MLR with alcohol-treated DCs was further evaluated by exogenous modulation of these cytokines. Data in Fig. 4C showed that the addition of human recombinant IL-12 and IL-2 restored the reduced allostimulatory capacity of alcohol-treated DCs in the MLR. These cytokines did not increase T cell proliferation with normal DCs in the MLR (data not shown). DC-derived IL-10 is a potent deactivating factor of APCs and prevents DC maturation in an autocrine manner (17, 34) . Data in Fig. 4C showed that anti-IL-10 Ab (35, 36) failed to restore the decreased T cell proliferation in the presence of alcohol-treated DCs. The isotype control Ab did not have any effect on the decreased allostimulatory activity. These results collectively suggested that the reduced alloantigen-induced T cell proliferation with alcohol-treated DCs can be ameliorated by IL-12 or IL-2 supplementation, but neutralization of IL-10 cannot restore full DC function during T cell activation.
Endogenous IL-10 produced by DCs has been shown to attenuate IL-12 secretion (15) . Therefore, neutralization of IL-10 should increase IL-12 production and, in turn, improve allostimulatory activity of alcohol-treated DCs. Although addition of anti-IL-10 Ab in MLR cultures of day 7 alcohol-treated DCs did not restore DC allostimulatory function (Fig. 4C) , we wanted to assess whether IL-12 levels were restored in the MLR of alcohol-treated DCs in the presence of anti-IL-10 Ab. Fig. 4D shows that IL-12 levels are significantly increased ( p Ͻ 0.005; n ϭ 6) in MLR cultures of alcohol-treated DCs after addition of anti-IL-10 Ab without an increase in T cell proliferation (C). It must be noted here that IL-12 levels after anti-IL-10 Ab treatment were still much lower than the concentration of exogenous IL-12 that restored alloreactive T cell responses by alcohol-treated DCs in the MLR. We predict that alcohol may induce an inherent cellular defect during early DC differentiation that may impair responsiveness to low IL-12 after anti-IL-10 Ab and thus result in an inability to restore ‫ء‬ , p values were determined using Wilcoxon parametric analysis.
FIGURE 5. Alcohol induces T cell anergy (A), does not affect T cell apoptosis (B), and decreases T cell IFN-␥ production that is restored by exogenous IL-12 (C). A, Human naive CD4
ϩ T cells were cultured with allogeneic normal (iDCs) or alcohol DCs (EtOH-iDCs) for 3 days. These CD4 ϩ T cells were then rescued, and T cells were subsequently restimulated with allogeneic normal iDCs generated from the same donor. The proliferative response was measured on day 5 by measuring the [ 3 H]thymidine incorporation during the final 18 h. Results shown are mean counts per minute Ϯ SE from four donors of the DC:T cell ratio of 1:10. ‫,ء‬ #, Significance (p Ͻ 0.001) compared with the same proliferation groups in normal iDCs. B, Human naive CD4 ϩ T cells were cultured with allogeneic normal (iDCs) or alcohol DCs (EtOH-iDCs) for 5 days and harvested. T cells alone (T) and T cells cocultured with normal DC (T-DC) or EtOH-DC (T-EtOH-DC) were stained with annexin V/PI as described in Materials and Methods. Representative result from a total of three donors is shown as percent annexin V/PI ϩ cells. C, Human naive CD4 ϩ T cells were cocultured with allogeneic normal or EtOH-DCs for 3 days in the presence or absence of human rIL-12 (0.5, 10, and 50 ng/ml). CD4 ϩ T cells were rescued on day 3 of the MLR, and T cells were subsequently restimulated with immobilized CD3 and soluble CD28 (1 g/ml) to induce IFN-␥ production. Supernatants were collected after 24 h and estimated for IFN-␥ in an ELISA as described in Materials and Methods. Data are shown as mean (picograms per milliliter) Ϯ SE of six donors. ‫,ء‬ p Ͻ 0.002. allostimulatory activity. The addition of a higher dose of recombinant IL-12 (a Th1 polarizing cytokine) and IL-2 to the MLR could directly influence T cell proliferation in the presence of alcohol-treated DCs (Fig. 4C) . Reversal of T cell proliferation by IL-12 (37) and IL-2 (38) may thus suggest that alcohol treatment induces T cell anergy.
Anergic T cells induced by alcohol-treated DCs suppress activation of syngeneic alloantigen-specific T cells
We examined the ability of alcohol-treated DCs to induce T cell anergy. Fig. 5A demonstrates that naive CD4 ϩ T cells primed with allogeneic normal DCs showed a vigorous response to the same donor-derived normal iDCs and mDCs. In contrast, the naive CD4 ϩ T cells primed with alcohol-treated DCs were hyporesponsive to further stimulation with the same donor-derived normal iDCs and mDCs (Fig. 5A) . Evaluation of T cell apoptotic activity by annexin V/PI revealed no differences in T cell apoptosis due to interaction with alcohol-treated DCs (Fig. 5B) . These results imply that alcohol may be responsible for induction of T cell anergy by "inhibitory" DCs. Cytokines such as IL-10 and IL-12 may play an important role in early stages of DC differentiation and induction of inhibitory DCs by alcohol.
To further determine whether alcohol affected Th1 responses, we evaluated the capacity of IFN-␥ production by CD4 ϩ T cells primed with alcohol-treated DCs. Day 3 T cells were harvested from cocultures of alcohol-treated DCs with naive CD4
ϩ T cells and stimulated with immobilized CD3 and soluble CD28 (1 g/ ml) to induce IFN-␥ production. Fig. 5C shows a significant decrease ( p Ͻ 0.002; n ϭ 6) in T cell IFN-␥ production when primed with alcohol-treated DCs compared with normal DCs. Furthermore, addition of rIL-12 during coculture restored T cell IFN-␥ production, indicating that alcohol directly suppresses Th1 activity (Fig. 5C ).
Alcohol affects differentiation but not maturation of DCs
Although iDCs are superior in Ag uptake, mDCs are most effective in T cell activation (39) . DC maturation was induced in vitro by the addition of LPS (100 ng/ml) to iDCs on day 5 for 72 h (40, 41) . Maturation of DCs was characterized by an increase in CD83 expression ( Fig. 6A ) (MFI: normal mDCs, 467.7 Ϯ 36.8; EtOHmDCs, 459.7 Ϯ 32.5) and increased allostimulatory capacity compared with iDCs ( p Ͻ 0.001; n ϭ 10) (Fig. 6B) . However, the allostimulatory capacity of mDCs generated in the presence of alcohol was significantly reduced ( p Ͻ 0.01; n ϭ 10) compared with normal mDCs. Thus, LPS-induced DC maturation could only partially restore the allostimulatory defects of DCs differentiated in the presence of alcohol. Interestingly, addition of alcohol to iDCs only for the duration of the LPS-induced maturation phase failed to inhibit the allostimulatory capacity of mDCs (Fig. 6C) , suggesting that alcohol inhibited DC differentiation rather than just the maturation. It has been shown that effective Ag presentation by DCs is NFB dependent, and that induction of NFB activity during DC maturation is essential for proper DC function (42) . Earlier studies from our laboratory showed inhibition of NFB activation by acute alcohol (25 mM) in monocytes (27, 43) . In this study, alcohol-treated DCs exhibited a lack of the ability to reach complete maturation with LPS. Thus, we tested whether alcohol affected NFB activation in DCs. Day 5 iDCs generated in the presence or absence of alcohol were stimulated with LPS for 1, 24, 48, and 72 h (for the entire time of DC maturation) and then subjected to EMSA. To our surprise, we found no changes in NFB DNA binding activity between DCs generated in the presence or absence of alcohol (Fig. 7) , suggesting that alcohol does not affect NFB DNA binding and hence maturation of DCs.
Discussion
APC defects appear to be pivotal in the alcohol-induced alterations of cell-mediated immunity and in decreased Ag-specific T cell proliferation. Previous studies demonstrated suppressive effects of alcohol on Ag-presenting function of monocytes (7, 8) . DCs are the most potent APCs that activate naive T cells (10) . In this study, we report that alcohol consumption by healthy, nonalcoholic individuals significantly reduced DC allostimulatory capacity and T cell activation. To the best of our knowledge, this is also the first study to report that a physiologically relevant concentration of alcohol in vitro decreases allostimulatory capacity of monocyte-derived DCs and induces T cell anergy. DCs are highly specialized APCs of the immune system. Fully mature DCs are potent activators of naive T cells and are regarded as important initiators of primary Th1 responses. We report that alcohol affects DC precursors, monocytes, and their differentiation and full maturation to DCs, and results in DCs differentiating into an inhibitory phenotype by a mechanism that involves decreased IL-12 and increased IL-10 production. Our results showed that alcohol-treated DCs induce T cell anergy and inhibition of Th1 responses. Alcohol also significantly affects allostimulatory capacity of already-differentiated iDCs in vitro.
Production of cytokines such as IL-10 and IL-12 by DCs can influence DC induction of a Th1 or Th2 immune response. In addition to expressing high levels of Ag-presenting and costimulatory molecules, DCs release large amounts of IL-12 that can stimulate preferential Th1 immune responses (44) . However, release of IL-10 blocks the DC maturation process by interfering with the up-regulation of costimulatory molecules and production of IL-12, subsequently limiting the ability of DCs to initiate a Th1 response (45, 46) . Cellular immunity is impaired by both acute and chronic alcohol use, leading to induction of Th2 responses (47) . Our data suggest inhibition of Th1-type immune activation by alcohol-treated DCs that produced significantly lower amounts of IL-12 (p40/70) and resulted in reduced IFN-␥ production by T cells after coculture. Furthermore, our data demonstrated that alcohol-treated DCs are capable of inducing CD4 ϩ T cell anergy in vitro. Addition of exogenous IL-12 and IL-2 completely restored T cell proliferation with alcohol-treated DCs, indicating that these cytokines could reverse the anergic state of CD4 ϩ T cells (37, 38) . Furthermore, we found that naive CD4 ϩ T cells cocultured with alcohol-treated DCs produced significantly lower amounts of IFN-␥ compared with CD4 ϩ T cells cocultured with normal DCs, and addition of rIL-12 to MLR cultures of alcohol-treated DCs restored T cell IFN-␥ levels. Collectively, these results suggested that alcohol can induce CD4 ϩ T cell anergy and inhibit Th1 responses, and that exogenous cytokines such as IL-12 and IL-2 are capable of reversing this anergic state. Restoration of decreased Th1 immune responses by IL-12 after chronic alcohol feeding was reported earlier in mice (28) . The mechanism by which alcohol reduces IL-12 in DCs is yet to be elucidated. We speculate that alcohol may augment IL-10 production at the early stages of differentiation and, in turn, result in diminished IL-12 production. DCs have been shown to secrete more IL-12 at earlier stages of maturation, influencing in vivo migration of DCs to lymphoid organs and terminal maturation (48) . Therefore, diminished IL-12 could influence DC differentiation, maturation, and function. Alcohol-treated DCs exhibited significantly higher IL-10 levels at baseline and after LPS stimulation compared with normal DCs. However, neutralization of IL-10 in the MLR increased IL-12 levels but did not restore the reduced T cell proliferation with alcoholtreated DCs. This suggested that restoration of IL-12 after blocking IL-10 in the MLR cannot overcome the inherent defect induced by alcohol during early DC differentiation. Furthermore, the increased IL-10 production observed during DC differentiation along with reduced CD80/CD86 expression in alcohol-treated DCs are consistent with the DC phenotype previously described as inhibitory DCs (24) .
Alcohol exposure retained the morphology as well as expression of most surface markers of iDCs and mDCs. However, the expression of costimulatory molecules CD80 and CD86 was somewhat reduced by alcohol. The importance of the CD86-CD28 system in T cell responses has been well documented (49) . Moreover, it has been reported that T cell anergy is induced by the lack of functional CD80/CD86-CD28 signaling that can be reversed with exogenous IL-2 (50). In agreement with those reports, IL-2 improved allostimulatory capacity of FIGURE 7. Alcohol does not affect NFB binding in DCs. Day 7 iDCs generated in the presence (EtOH-DC) or absence (DC) of 25 mM alcohol were stimulated with LPS (100 ng/ml) for 1, 24, 48, and 72 h, and then subjected to nuclear extraction and EMSA as described in Materials and Methods. Results expressed are one representative gel of a total of four experiments performed.
alcohol-treated DCs in the MLR. Decreased expression of CD80/CD86 on alcohol-exposed DCs may contribute, although to a lesser extent, to decreased T cell proliferation due to inefficient costimulatory signals provided by the CD80/CD86-CD28 interaction. Furthermore, the reduced expression of CD80/CD86 can lead to a DC phenotype that induces T cell anergy rather than proliferation (50) .
Converting from an Ag-capturing to an Ag-presenting mode is defined as DC maturation, and this is pivotal in the initiation of immunity (10, 11) . Our data showed decreased Ag-presenting function of LPS-matured, alcohol-treated DCs compared with normal LPS-matured DCs. We found only partial restoration of allostimulatory activity after maturation of alcohol-treated DCs to the level of iDCs, suggesting that DC maturation cannot overcome the inhibitory effects of alcohol during differentiation. Alcohol added on day 5 to immature control DCs along with LPS did not have any effect on the allostimulatory function, suggesting that alcohol affects DC differentiation rather than the maturation process. This notion was also supported by the equally sufficient induction of the CD83, a DC maturation marker on alcohol-treated DCs compared with controls. An important mechanism that contributes to the Agpresenting function of mDCs is the induction of NFB (42) . Activated NFB in the nucleus is a regulator of DC maturation, and it is essential in DC Ag presentation (42) . In fact, NFB now is considered as a target for blocking Ag presentation for therapeutical purposes in various medical conditions, such as transplantation, allergy, and autoimmunity (42, 51) . Our previous data showed a down-regulatory effect of acute alcohol exposure on monocyte NFB activation that may contribute to its decreased inflammatory cytokine production and hence immunosuppression after alcohol use (27, 43) . However, alcohol-treated DCs failed to show any changes in NFB activation, indicating that alcohol affects NFB in immune cells depending on the stage of their differentiation. Inability to alter NFB activity in DCs indicates the effect of alcohol on DC differentiation at an earlier stage rather than on the terminal maturation phase. Alcohol may thus regulate Ag-presenting function of DCs by affecting their differentiation and not maturation.
In summary, our studies suggested that the stimulatory potential of alcohol-treated DCs is impaired against both alloantigens and recall Ags. Alcohol induces an inhibitory DC phenotype, and thus results in CD4 ϩ T cell anergy and inhibition of Th1 responses. The generation of a defective DC by alcohol may be attributed to increased IL-10 and reduced IL-12 production. Th1 responses could be restored by addition of IL-12, indicating an important role for this cytokine. Furthermore, alcohol did not affect maturation of DCs but primarily regulated differentiation. Our findings may thus shed light on the role of DCs in the modulation of immune functions by alcohol.
